Myocardial oxygen demand generally increases with increasing levels of energy expenditure, but several factors which modify this relation must be considered, both 
C LINICAL exercise testing in the past was performed primarily to provoke electrocardiographic abnormalities. The results were interpreted in purely qualitative terms: presence or absence of signs of myocardial ischemia. Modem graded exercise tests serve the dual purpose of provoking ECG abnormal-ities or other diagnostic symptoms and signs and providing a basis for quantitative evaluation of the physical performance capacity or the degree of physical impairment. Progressive increases of work loads are used, and the test is carried to the intensity at which the patient develops lirniting symptoms and signs, including ECG signs of ischemia, or approaches his maximal rate of energy expenditure. Peak levels of exercise are characterized with respect to work load, oxygen uptake, or indices of myocardial oxygen demand. This information can be utilized in many different ways, e.g., to supplement the standard classification of function in patients who are candidates for surgery, to evaluate objectively the results of various medical or surgical therapeutic interventions, and to serve as a basis for advice on physical activity. The application is not limited to arteriosclerotic heart disease (ASHD). Exercise tests are now frequently performed on patients with chronic heart disease of any etiology.
Physiologic Considerations Determinants of Myocardial Oxygen Demand
Intramyocardial tension (determined by intraventricular pressure, ventricular volume, and myocardial mass), heart rate and the contractile state are the major determinants of myocardial oxygen demand.' External work, the product of load and fiber shortening, requires relatively little energy above that utilized in the development of wall tension. Raising external work by increasing stroke volume is much less costly than increasing cardiac work to the same extent by elevating ventricular pressure. The effect of increased contractility on myocardial oxygen demand is important but not always apparent in a clinical situation. An increase in the velocity of fiber shortening is associated with increased utilization of energy, but the demand for increased oxygen supply may be offset by a simultaneous decrease in ventricular volume and a decrease in wall tension.
Various indices derived from hemodynamic measurements have been used to estimate myocardial oxygen demand. Arterial or left ventricular pressure is taken as an indication of wall tension. Tension-time index (TTI), the integral of the ventricular pressure curve, has been widely used since Sarnoff and associates2 demonstrated in a controlled animal preparation that the product of heart rate and peak systolic blood pressure3 under certain conditions correlated poorly with myocardial oxygen uptake.
Recent studies on patients with coronary disease and in normal subjects suggest that the less complicated heart rate times blood pressure product is a more accurate index for the intact human subject than TTI,4 5 and the results of several clinical studies support its validity.A9 Use of the triple product, heart rate X systolic blood pressure x left ventricular ejection time, may improve the accuracy of predicted myocardial oxygen demand, but the evidence is equivocal. Even the simple measurement of heart rate during exercise gives a fair estimate of myocardial oxygen demand. 5 7 Circulatory Response to Various Activities The maximal energy expenditure that an individual can attain may be defined clinically by measurement of maximal oxygen uptake. Various methods are used. All are based on exercise engaging large muscle groups, and oxygen uptake is measured during exercise at increasing work loads. Maximum is reached when an increase in work load no longer is associated with an increase in oxygen uptake, that is, when the oxygen uptake at a given work load falls significantly below the expected value.
Maximal oxygen uptake is frequently used as an index of physical work capacity or physical performance capacity for clinical purposes since oxygen transport is the limiting function in most patients with cardiovascular disease.
Standard classifications of various jobs and activities primarily reflect levels of energy expenditure. A There is a close correlation between energy expenditure and myocardial oxygen demand during steady-state work that involves large muscle groups. Heart rate and systolic blood pressure are linearly related to oxygen uptake.
The relation between energy expenditure and the load imposed on the circulatory system becomes more tenuous with shorter duration of the activity. Cardiac output and oxygen uptake do not reach a steady state until at about 2 min after the beginning of work at a fixed submaximal rate, and the blood pressure response is also gradual. On the other hand, the work load is supramaximal for many patients with angina pectoris. These patients are forced to discontinue exercise before a steady state is reached, i.e., in a phase during which heart rate and blood pressure are increasing rapidly.
The interval between the beginning of exercise and the onset of angina pectoris during a Master's test has been used as a measure of physical performance capacity. However, angina will usually occur during the initial, nonsteady phase of exercise when the steady-state requirements grossly exceed the patient's myocardial oxygen supply. Significant improvement in performance capacity may be induced by antianginal drugs. Changes are readily demonstrated when the patient undergoes serial multilevel exercise tests, including levels well below the threshold of angina. If the load is supramaximal, significant changes may be completely obscured or reflected only as insignificant changes in the time required to produce angina pectoris.9
Multistage Tests
Modern protocols are designed to satisfy the dual requirements (1) of provoking electrocardiographic abnormalities and other diagnostic symptoms and signs and (2) of providing a basis for quantitative evaluation of physical performance capacity. Taylor's group28 have recently reviewed current procedures. Three basic forms of exercise are used: step climbing, treadmill, and bicycle ergometer exercise. All involve dynamic leg exercise. Any of the three methods may be used for determination of maximal oxygen uptake. The oxygen uptake achieved during exercise involving smaller muscle groups, e.g., during dynamic arm or during isometric exercise, is significantly below that seen during leg work at maximal intensity. Maximal oxygen uptake measured during bicycle exercise tends to be slightly lower than during treadmill exercise. However, the difference is small, usually about 10%, and unlikely to be of clinical significance. Hemodynamic data from normal subjects indicate that maximal heart rate and total arteriovenous oxygen difference are similar during maximal treadmill and bicycle exercise. The lower maximal oxygen uptake during bicycle exercise is associated with a lower maximal stroke volume and cardiac output than during treadmill exercise. Arterial blood pressure tends to be somewhat higher at any given level of oxygen uptake during bicycle exercise.29 30 Small differences with respect to ventilation and lactate levels have also been reported.
Use of leg exercise tends to minimize interindividual variations in mechanical efficiency. This is important from a practical point of view since it obviates the need for direct determination of oxygen uptake in routine applications. Oxygen uptake during a step test and during treadmill or bicycle ergometer exercise at submaximal levels may be predicted with fair accuracy (±+ 10%) from parameters defining the work load. 3 separated horizontal or "ischemic" depression from physiologic depression of the QRS-ST junction. A series of population studies, including long-term follow-up studies, documented the validity of criteria requiring 0.5-mm or 0.05-mv horizontal or downsloping S-T depression below the level of the P-R segment at the onset of QRS for a diagnosis of borderline and of 1.0 mm or more for definite abnormality but failed to establish any definite correlation between ASHD and other ECG abnormalities, e.g., isolated T-wave changes.41 It has been clearly demonstrated that despite its predictive value in populations the 0.5-mm limit results in a large number of false-positive diagnoses when it is applied to individual patients.42
Use of graded exercise test up to a maximal or near-maximal level has supported the conclusion of Wood's group40 that an isolated junctional S-T depression is a physiologic response. It has also been shown that in normal subjects the magnitude of junctional depression is proportional to heart rate. '7 3.343 A physiologic junctional depression is sometimes superimposed on an abnormal segmental depression during exercise at high work loads and high heart rates. Punsar and associates44 and Sheffield45 have presented evidence to suggest that a slowly ascending (rate of change less than 1 mv/sec) S-T segment under these conditions is the equivalent of a strictly horizontal depression during less intensive exercise. It seems likely that further experience with graded tests eventually will result in the definition of multiple sets of criteria to be applied to specific heart rate levels and conditions, e.g., during exercise and at various intervals after exercise.
The significance of ECG changes during and after exercise in patients who have an abnormal ECG at rest has not been fully established. Progressive S-T-segment elevations in lateral or vertical leads are never seen in normal subjects but occur in patients with a healed myocardial infarction and residual QRS changes. S-T elevation during or after exercise is probably as specific as S-T depresSion. 46 Horizontal or downsloping S-T depression is frequently seen in patients without coronary artery disease, but with other conditions it is likely to be associated with a discrepancy between myocardial oxygen supply and demand, e.g., left ventricular overload and hypertrophy from any cause, anemia, and arterial desaturation.47 48 Dysfunction of the autonomic nervous system, with and without hyperventilation, may produce significant S-T depression during exercise on occasion.49 Abnormal sympathetic stimulatioln may produce ECG abnormalities in neurocirculatory asthenia. Characteristically, S-T depressions of this type are precipitated by prolonged standing as well as by exercise. They are rarely progressive, i.e., they tend to be as prominent or more prominent at low work loads than during heavy work and may be abolished by beta-adrenergic blockade.50
Digitalis may cause a segmental S-T depression during exercise even in the absence of significant S-T depression in the resting ECG.51 The effect of hypokalemia is disputed. 52 64 The material studied by Robb's group included 1,659 life-insurance applicants who underwent a double Master's test and who were followed for 2 to 11 years. Isolated junctional S-T depressions did not affect mortality. Ischemic or horizontal S-T depression was associated with a 4.4-fold increase in mortality. The ratio of actual to expected deaths increased progressively with the degree of S-T abnormality from 1.9 for horizontal depressions of 0.1 to 0.9 mm to 19.1 for S-T depressions of 2.0 mm or more. Approximately half of the men in this series had atypical chest pain.
Mattingly0-1 reported similar figures or a 4.8-fold increase in mortality in a series of military men with ischemic S-T depression.
Brody63 presented the first systematic study of 756 unselected asymptomatic subjects. Twenty-three of these subjects had ischemic S-T depression of 0.5 mm or more at the initial examination, and sixteen of the 23 men (70%) developed classical angina or had a myocardial infaretion during a 3-year follow-up period. Corresponding figures for the 733 with a negative exercise test were 55 (0.75%). Ischemic S-T depression was associated with a nearly 100-fold increase in coronary morbidity.
A larger population study has recently been published by Doyle and Kinch.65 They subjected 2,003 men, most of them New York State employees, to an exercise test consisting of a treadmill walk for 10 min at 3 mph against a grade of 5%. The level of energy expenditure approximated that of a double Master's test. The group was followed for as long as 13 years. Twenty-eight men had an abnormal exercise ECG upon entry in the study, and 61% of these 28 subjects developed additional evidence of ASHD during the follow-up period. Seventy-five men developed an abnormal exercise ECG response during follow-up, and 45% of these 75 men also developed clinical ASHD.
The 5-year probability of developing clinical ASHD after the occurrence of a positive exercise ECG in an asymptomatic subject, calculated by using life-table technics, equaled 85%. Corresponding ASHD risk for a subject with normal exercise ECG was 2.5%, i.e., a positive exercise response was associated with a more than 30-fold increase in risk of ASHD.
The predictive power of the exercise ECG thus appears to be very high. It must be emphasized, however, that the incidence of positive tests in an asymptomatic middle-aged population is fairly low, or about 4% in both Brody's series and in the population studied by Doyle and Kinch.
The rate of abnormal responses increases significantly if higher work loads are used. Doan and co-workers57 reported segmental S-T depression in 24% of ostensibly healthy men between 50 and 59 years old. Similarly high rates have been found by others when using maximal tests. ' The results of the last four series are similar. The poor performance of the exercise ECG in the series published by Demany and associates68 is striking. There is no apparent reason for the large number of false positives. Twenty-three patients in a total series of 75 had a positive exercise electrocardiogram but negative coronary angiogram. The low rate of positive ECG responses, 18 of 42, among patients with positive coronary angiograms may be at least partly related to the use of a Master's test rather than a graded exercise test.
The paper published by Roitman and associates71 contains a detailed clinical analysis. The material was analyzed both (A) in toto (100 patients) and (B) after elimination of patients with conditions known to preclude proper interpretation of S-T changes (46 patients). Reasons for exclusion were arterial hypertension, aortic valve disease, mitral valve incompetence, left ventricular hypertrophy, and QRS prolongation or S-T depression at rest. Sensitivity and specificity were as expected higher in the selected series Circulation, Volume XLIV, December 1971 
